Gefitinib-a specific inhibitor of epidermal growth factor receptor (EGFR)-associated tyrosine kinase-has demonstrated efficacy in a subgroup of patients with non-smallcell lung carcinoma (NSCLC) who fail conventional chemotherapy. It is also reported to have an antitumor effect in brain metastases from NSCLC. Additionally, EGFR mutations have shown a strong association with gefitinib sensitivity for NSCLC. Here, we assessed the efficacy of gefitinib in brain metastases from NSCLC and evaluated the association of this efficacy with EGFR mutations. We retrospectively reviewed eight cases in which patients were suffering from brain metastases before the initiation of gefitinib treatment. Brain tumor response could be evaluated by MRI in these patients; EGFR gene analyses were also available. We evaluated whether objective tumor response was observed after gefitinib treatment and assessed the efficacy of gefitinib as effective, noneffective, or not assessable in consideration of the influence of previous radiotherapy. Of the eight patients, the ).
Neuro-Oncology ■ Ap R I L 2 0 0 6 1981; Shaw et al., 1996) ; refractory brain metastases cause death in 25% to 50% of these patients (Shaw et al., 1996) . Although gamma knife surgery results in tumor reduction, stabilization, or disappearance in approximately 90% of the patients, the survival rate appears to be similar to that with WBRT (Datta et al., 2004) . Systemic platinum-based chemotherapy has also been shown to contribute to comparable response rates for brain metastases from lung cancer and may be an option for management of brain metastases. However, the superiority of chemotherapy to radiotherapy remains unclear (Schuette, 2004) .
Gefitinib is a tyrosine kinase inhibitor specific for epidermal growth factor receptor (EGFR), which can be administered orally and has already been approved in Japan and the United States for non-small-cell lung carcinoma (NSCLC) (Cohen et al., 2004) . Two large phase 2 trials, IDEAL 1 and IDEAL 2 (Iressa Dose Evaluation in Advanced Lung Cancer), showed the efficacy of gefitinib in a subgroup of patients with NSCLC and a response rate of 18.4% and 11.8%, respectively (Fukuoka et al., 2003; Kris et al., 2003) . Because only patients with brain metastases who were in stable condition were eligible for these clinical trials, the efficacy of gefitinib in brain metastases was not evaluated. However, subsequent to the initiation of gefitinib treatment worldwide, several researchers have reported that it is also capable of reducing brain metastases from NSCLC, sometimes with a highly dramatic improvement (Cappuzzo et al., 2003a, b; Ceresoli et al., 2004; Haringhuizen et al., 2004; Namba et al., 2004; Poon et al., 2004; Takahashi et al., 2004) .
Although clinical trials have revealed that some factors, such as Japanese origin, female gender, adenocarcinoma histology, and nonsmoker status, provided a higher chance of responding to gefitinib (Fukuoka et al., 2003; Kris et al., 2003) , no association was observed between EGFR expression and the efficacy of gefitinib in retrospective analyses (Bailey et al., 2003; Cappuzzo et al., 2003b) . This result appeared to be contradictory to expectation because the application of gefitinib to the treatment of NSCLC was originally based on the observation that EGFR expression or overexpression is identified in 90% or more patients with lung cancer (Johnson, 2003) . Recently, an interesting discovery of the relationship between the efficacy of gefitinib and EGFR gene mutations in the tyrosine kinase domain was reported (Lynch et al., 2004; Paez et al., 2004) . EGFR gene mutations are presently expected to be promising predictors of the efficacy of gefitinib. However, these reports did not refer to brain metastases.
In this study, we retrospectively reviewed the cases in which patients received gefitinib therapy for NSCLC. From clinical records, we extracted the cases that coincided with brain metastases during gefitinib treatment, evaluated the efficacy of gefitinib, and examined the association between this efficacy of gefitinib in brain metastases and EGFR mutations.
Patients and Methods

Patients
From July 2002 to July 2004, 75 patients were treated with gefitinib for recurrent NSCLC at the Department of Thoracic Surgery, Aichi Cancer Center Hospital. All of these patients had undergone potentially curative pulmonary resection and had histologically proven NSCLC. Of these 75 patients, 11 were found to have brain metastases before the administration of gefitinib was initiated; in 59 patients, the exons that code for the tyrosine kinase domain of the EGFR gene had been sequenced by using RNAs extracted from primary lung tumors (Kosaka et al., 2004; Mitsudomi et al., 2005) . As a result, in nine of 11 patients with brain metastases, information regarding the EGFR gene status was available. In one of these nine patients, the clinical course of brain metastases was not followed by an MRI because it was performed at another hospital. Therefore, a total of eight patients were included in this study.
WBRT or radiosurgery for brain metastases had already been performed once or twice immediately after brain lesions in all eight patients were identified.
Assessment of Efficacy
The efficacy of gefitinib was assessed by the change in tumor size observed by MRI in consideration of the influence of radiotherapy. The determination was made by experienced neurosurgeons without knowledge of the mutational status of the EGFR gene. First, MRIs were reviewed to evaluate whether an objective tumor response was observed after gefitinib treatment in each patient. Objective tumor response referred to either a complete response or a partial response as defined by the RECIST (Response Evaluation Criteria in Solid Tumors) scheme (Therasse et al., 2000) , that is, when MRI revealed at least a 30% decrease in tumor diameter. If tumor diameter was not measurable, clinical neurological findings were taken into consideration for this assessment. Then, the efficacy of gefitinib was assessed in light of the influence of radiotherapy before gefitinib treatment. Within the objective response-positive group, the efficacy was judged as effective only when the tumor had exhibited progression or new lesions had appeared even after previous radiotherapy. Efficacy was not assessable if the objective tumor response was continuously observed after radiotherapy and it was thus unclear whether the tumor reduction was attributed purely to gefitinib treatment or whether previous radiotherapy was a major factor leading to tumor reduction. The efficacy was judged as noneffective for the objective response-negative group. Although the imaging studies were not taken at a fixed interval, all patients underwent MRI at least once within three months after starting gefitinib. gefitinib treatment. In patient 1, gefitinib treatment was started subsequent to the completion of radiotherapy.
Administration of Gefitinib
All patients received a daily dose of 250 mg gefitinib until any progressive lesions were identified or an elevation in serum carcinoembryonic antigen level was observed. Side effects were all within grade 1 or 2 according to the NCI Common Toxicity Criteria and consisted mainly of diarrhea and skin toxicity. Grade 1 diarrhea occurred in four patients (patients 3, 4, 5, and 7), and grade 1 skin rash was observed in four patients (patients 3, 5, 6, and 8). In patient 6, the dose was changed from 250 mg per day to every other day one month after the initiation of gefitinib treatment because of grade 2 nausea. The interval between the completion of the last radiotherapy and initiation of gefitinib treatment and the duration of administration of gefitinib is shown in Table 2 . Table 2 presents observations of objective tumor response and the assessment of the efficacy of gefitinib. In five of eight patients, an MRI revealed objective tumor response in brain metastases within three months after gefitinib treatment. In three of these five patients (patients 2, 3, and 4), the efficacy was assessed as effective because gefitinib achieved objective tumor response despite the uncontrollable state of the tumor (patients 2 and 4) or the appearance of new lesions (patient 3) after radiotherapy (Figs. 1 and 2). In patient 2, the judgment was partially based on the improvement of his right hemiparesis that coincided with the disappearance of enhanced area in the left frontal lobe. In the remaining two patients with objective tumor response (patients 7 and 8), the efficacy was determined to be not assessable, because objective tumor response was continuously observed from radiotherapy through gefitinib treatment. The duration of objective response ranged from 4 to 18 months. Patient 2 achieved objective tumor response for a longer period than the duration of gefitinib administration, this being
Tumor Response and the Assessment of the Efficacy of Gefitinib
EGFR Gene Analysis
The results of EGFR gene analysis that had already been performed for primary resected lung cancer samples were used for this study (Kosaka et al., 2004) . The method used for gene analysis is described in our previous report (Mitsudomi et al., 2005) . We evaluated the association between the efficacy of gefitinib and EGFR mutations. Table 1 shows patient characteristics. The median age of the patients was 51.5 years, and six male and two female patients participated in this study. A majority of the patients (six of eight) had adenocarcinoma; two among them had large-cell carcinoma. All patients received limited regimens of chemotherapy before receiving gefitinib treatment. Disease-free survival ranged from 0 to 16 months. All patients except one manifested initial recurrent lesions as brain metastasis. In patient 1, lymph node metastasis in lungs was found initially, and brain metastasis a full 24 months after lung operation.
Results
Patient Characteristics
Clinical Course in Brain Metastases Before the Initiation of Gefitinib Treatment
Table 1 also shows initial manifestations of brain metastases and clinical courses in brain lesions from radiotherapy until initiation of gefitinib treatment. All patients underwent radiotherapy immediately after initial identification of brain metastases. Patients 7 and 8 showed objective tumor response to radiotherapy before the initiation of gefitinib treatment. Patients 4 ( Fig. 1 ) and 6 showed tumor progression even after radiotherapy. In three patients (patients 2, 3, and 5), although the lesions for which radiosurgery was performed exhibited improvement, multiple new lesions appeared before the initiation of gefitinib treatment. Of these, patient 2 ( Fig.  2 ) and patient 5 underwent additional radiotherapy, and both showed disease progression before the initiation of The enhanced masses on the left side disappeared coincidently with improvement of the right hemiparesis, and the mass on the right side was blurred six months after the initiation of gefitinib therapy. In addition, an enhanced mass in the right frontal lobe became blurred, and a spotty enhanced area in the right parietal lobe disappeared.
a case in which the gefitinib was discontinued because of an elevation in serum carcinoembryonic antigen levels; the patient showed tumor progression in brain metastasis five months after discontinuing the treatment. Follow-up for patient 3 in a progression-free state ceased 14 months after the initiation of gefitinib treatment because he discontinued his visits to the outpatient clinic. Patient 4 showed tumor progression 12 months after gefitinib treatment. Patient 7 was continued on gefitinib treatment and remained in a progression-free state at the time of this study. Patient 8 died of liver dysfunction attributable to liver metastasis four months after the initiation of gefitinib treatment, despite once achieving objective tumor response both in brain and in liver.
In the three patients who never achieved objective tumor response after gefitinib treatment (patients 1, 5, and 6), the efficacy was assessed as noneffective. Tumor progression was apparently observed within three months in patients 5 and 6. In patient 1, tumor progression was noticed five months after starting gefitinib, although during the previous five months, MRI had showed no apparent change in tumor size. The progressive brain tumor was eventually operated on in another hospital, when gefitinib was discontinued.
EGFR Mutations and Their Association with the Efficacy of Gefitinib
EGFR mutations were seen in five patients (Table 2) . Patients 2 and 3 had a deletion mutation from codon 746 to 750 in exon 19 (del E746-A750). Patients 4 and 8 had a point mutation, which was a T to G transversion at the second nucleotide of codon 858 in exon 21 (L858R). Patient 7 had a point mutation at codon 719 in exon 18 (G719C). The other three patients had a wild-type EGFR gene. As for an association with the efficacy of gefitinib, all three patients assessed as effective had EGFR mutations. On the contrary, all three patients assessed as noneffective had wild-type EGFR (P 5 0.10 by a two-sided Fisher's exact test). Objective tumor response was achieved by all patients with EGFR mutations but by none of the patients with wild-type EGFR (P 5 0.036).
Extracranial Lesions
Extracranial lesions were observed in all patients excluding patient 5. All extracranial lesions were confirmed before gefitinib treatment, and some treatments of either conventional chemotherapy or radiotherapy were performed before gefitinib was started ( Table 2 ). The efficacy of gefitinib for the treatment of extracranial lesions was assessed according to the same definition as for brain metastases, and the results are presented in Table  2 . In patient 8, liver metastasis that had never responded to conventional chemotherapy showed remarkable response to gefitinib for two months. However, the liver metastasis recurred immediately afterward, which led to death.
Discussion
It was reported that a prospective trial of gefitinib in 41 patients with brain metastases from NSCLC showed a partial response rate of 10% and an overall disease control rate of 27% (previously irradiated patients, 56%; radionaive patients, 9%) when gefitinib was used for the treatment of brain metastases (Ceresoli et al., 2004) . Two retrospective reviews reported objective responses to gefitinib in six of 14 patients (Hotta et al., 2004) and in nine of 15 patients (Namba et al., 2004) , all with brain b Interval indicates the interval between the completion of last radiotherapy and the initiation of gefitinib. c Survival was calculated from the day of initiating gefitinib treatment. A number with an asterisk means that the patient was still alive at the time of this study, and the number with double asterisks means that the case was not followed up in the course of this study.
tions detected in these studies exist within the tyrosine kinase domain of EGFR, which is targeted by gefitinib; moreover, these mutations are limited to the first four of the seven exons that code for the tyrosine kinase domain (Gazdar et al., 2004; Lynch et al., 2004; Mitsudomi et al., 2005; Paez et al., 2004) . These mutations are considered to result in the narrowing of the ATP-binding cleft and the increase in both gene activation and tyrosine kinase inhibitor sensitivity by a similar configuration change (Gazdar et al., 2004) . At the same time, among the patients with NSCLC, the characteristics of patients with predominant EGFR mutations associate strikingly with those of gefitinib responders: Mutations are more frequently observed in patients with adenocarcinoma, in women, and in Japanese people (Paez et al., 2004) . Additionally, these mutations are in particular associated independently with the adenocarcinoma histology and nonsmokers (Kosaka et al., 2004; Pao et al., 2004) . All these results suggest that EGFR mutations may predict the responsiveness of NSCLC to gefitinib. However, an association with brain metastases is not referenced in these studies, and we found no other clinical studies that investigated an association between EGFR mutations and the efficacy of gefitinib in brain metastases. Our data in this limited study did not provide a statistically significant result but did exhibit the possibility that a similar relationship between EGFR mutations and the efficacy of gefitinib exists in brain metastases from NSCLC.
At the same time, we should consider the possibility that the actual status of EGFR genes in brain metastases could be different from the status of the sample analyzed. The samples used for EGFR gene analysis in this study were derived from lung tumors, not from brain tumors. All patients underwent radiotherapy before the initiation of gefitinib treatment, and there is a possibility that radiotherapy may change the characteristics of molecules or the expression of genes like tumor necrosis factor alpha in tumors, which tends to contribute to radiosensitivity (Chiang et al., 1997) . On the other hand, radiotherapy may induce the release of transforming growth factor alpha (one of the ligands to EGFR), which leads to a radiation-induced tumor (Schmidt-Ullrich et al., 1997) . There are also rather interesting studies that show the relationship between the EGFR pathway and radiation sensitivity. EGFR itself enhances cancer cell resistance to radiation (Liang et al., 2003) . Furthermore, radioresistance induced by EGFR is indicated to result from the activation of antiapoptotic pathways such as the phosphatidylinositol-3 kinase/AKT pathway (Li et al., 2004) , although it was investigated in another EGFR mutation-the type III EGFR variant-which is rarely observed in lung cancer. On the other hand, EGFR mutations found in gefitinib-sensitive patients were also reported to selectively promote the antiapoptotic pathway . These facts suggest that radioresistance of the tumors may result from further dependency on the EGFR signaling pathway, particularly on antiapoptotic pathways, and subsequently may become more susceptible to gefitinib. In our opinion, although our study could provide metastases. The patients in these two retrospective studies were all Japanese by origin. Our data, which were also derived from patients of Japanese origin, exhibited a similar response rate. As for the predictive factors for gefitinib sensitivity, previous WBRT and adenocarcinoma histology were confirmed to be of significant prognostic value (Ceresoli et al., 2004) . However, cases have also been reported in which dramatic tumor reduction was achieved without prior radiation therapy (Ishida et al., 2004; Poon et al., 2004) . Our study did not include radionaive patients and thus could not contribute to the evaluation of how radiation influences the efficacy of gefitinib. Other clinical predictive factors could also not be evaluated because of small sample sizes, and further study is required. The sensitivity of brain metastases to gefitinib has also been reported to be strongly correlated to that of extracranial disease (Hotta et al., 2004) . In our study, evaluation of the relationship between these factors was difficult because half of the patients were not assessable for extracranial lesions. However, confined to objective tumor response, the evaluation in brain metastasis and that in extracranial lesions were identical in all patients ( Table 2) .
The effectiveness of chemotherapy for brain lesions may be influenced by some particular factors in the brain. First, there is poor drug penetration to brain tumors because of the existence of the blood-brain barrier (BBB). Although gefitinib has low molecular weight and excellent cell penetration, it is possible that it may not have free access to the brain, as another small, lowmolecular-weight tyrosine kinase inhibitor, imatinib, is shown to have limited brain penetration (Neville et al., 2004) . On the other hand, it is possible that the BBB is disrupted and that new blood vessels, which lack normal BBB properties, are developed at the stage when the tumor is recognized on MRI or CT with an intravenous contrast (van den Bent, 2003) . Excluding one, all patients in our study received 250 mg gefitinib per day, which is considered to be a sufficient dose for patients with lung cancer (Fukuoka et al., 2003; Kris et al., 2003) , and the dosage with which brain metastases were commonly observed to respond to gefitinib in previous studies was 250 mg per day (Cappuzzo et al., 2003a, b; Ceresoli et al., 2004; Poon et al., 2004) . The same dosage appears to be appropriate for brain lesions, also. A second factor that may influence chemotherapy is steroid therapy. Corticosteroids are frequently used to reduce brain edema in patients with metastatic brain lesions. It is generally accepted that the beneficial effects of corticosteroids are primarily related to reduction in the permeability of a disrupted BBB, which may occur through various mechanisms (Anderson et al., 1994) . Use of corticosteroids may also produce metabolic interaction with gefitinib, a CYP3A4-metabolized agent (Swaisland et al., 2002) . We indicate the use of corticosteroid in each case in Table 2 . However, the influence of corticosteroid therapy on the efficacy of gefitinib could not be evaluated because of the small sample size of this study.
Recently, mutations in the EGFR gene have been reported to be associated with clinical responsiveness to gefitinib for NSCLC. All the missense and deletion muta-only suggestive data, further prospective clinical trials are warranted to confirm whether EGFR mutation is a predictor of sensitivity of gefitinib for brain metastases. In addition, considering that radiotherapy currently prevails as a standard therapy for brain metastases, we propose the possibility that radiation therapy combined with gefitinib can enhance antitumor activity in brain metastases with EGFR mutations. Actually, preclinical studies have already shown that a cooperative, antiproliferative, and proapoptotic effect was obtained when cancer cells were treated with ionizing radiation followed by gefitinib administration (Bianco et al., 2002) . Evaluation of radiotherapy as a sensitizer for gefitinib is also needed in future clinical trials.
In this study, we focused on objective response to brain metastases, but survival benefit could not be evaluated from our data. The striking responders to gefitinib commonly show progressive disease afterward, and the survival benefit of gefitinib is still controversial. However, we recently reported that EGFR mutations were not only a good predictor of tumor response but also factors that prolonged the survival period for the patients with recurrent NSCLC treated with gefitinib (Mitsudomi et al., 2005) . Further prospective trials should also determine the association between EGFR gene status and survival benefit to brain metastases from NSCLC.
